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Abstract. Plate kinematic interpretations for northern Califor-
nia predict a gap in the underlying subducted slab caused by
the northward migration of the Pacific-North America-Juan de
Fuca triple junction. However, large-scale decompression melt-
ing and asthenospheric upwelling to the base of the overlying
plate within the postulated gap are not supported by geo-
physical and geochemical observations. We suggest a model
for the interaction between the three plates which is compatible
with the observations. In this “slab stretch” model the Juan de
Fuca plate under coastal northern California deforms by stretch-
ing and thinning to fill the geometrical gap formed in the wake
of the northward migrating Mendocino triple junction. The
stretching is in response to boundary forces acting on the
plate. The thinning results in an elevated geothermal gradient,
which may be roughly equivalent to a 4 Ma oceanic litho-
sphere, still much cooler than that inferred by the slab gap
model. We show that reequilibration of this geothermal gradi-
ent under 20-30 km thick overlying plate can explain the minor
Neogene volcanic activity, its chemical composition, and the
heat flow. In contrast to northern California, geochemical and
geophysical consequences of a “true” slab gap can be observed
in the California Inner Continental Borderland offshore Los
Angeles, where local asthenospheric upwelling probably took
place during the Miocene as a result of horizontal extension
and rotation of the overlying plate. The elevated heat flow in
central California can be explained by thermal reequilibration
of the stalled Monterey microplate under the Coast Ranges,
rather than by a slab gap or viscous shear heating in the mantle.

1. Introduction

Plate - kinematic reconstructions commonly assume plate
boundaries that have zero width throughout their thickness.
This is reasonable for oceanic plate boundaries where the de-
formation zone is usually only a few kilometers wide. How-
ever, the deformation zone at a continental plate boundary can
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be hundreds of kilometers wide. In California, reconstructions
based on the above assumption predict asthenospheric up-
welling into a gap in the underlying subducted slab (“slab
gap”) as a result of the northward migration of the unstable
Pacific-North America-Juan de Fuca triple junction (Figure 1).
As the triple junction migrates north, the subducting Juan de
Fuca (JdF) plate slides out from beneath the North American
plate, leaving a single-plate thickness where previously there
was a double-plate thickness (Figure 1). Because the kine-
matic arguments in California are well established [Atwater,
1989], their consequences for geological interpretation have
been accepted even when other interpretations of geological,
geochemical, and geophysical data can be found. Here we sug-
gest that perhaps a more realistic view of the plate boundary as
a continuum with distributed deformation can reconcile the
regional plate kinematics with the local geological, geochemi-
cal, and geophysical observations. We limit our model to the
Coast Ranges, which are underlain by a relatively thin accre-
tionary prism, because surface manifestation of asthenospheric
upwelling should be readily recognizable in that region. We
do not address a possible slab gap under the Great Valley or
the Sierra Nevada, which are underlain by a thicker, more com-
plex ophiolitic and Sierran arc crust and upper mantle [God-
frey et al., 1997; Godfrey and Klemperer, 1998].

2. The Slab Gap Model

The geology of the west coast of North America during the
last 150 Myr has largely been shaped by the subduction of the
Farallon plate. Starting ~ 28-30 Myr ago, however, subduc-
tion brought the Pacific plate in contact with North America
[Atwater, 1989](Figure 1a). Shortly thereafter, the Mendocino
triple junction (MTJ) formed between the northern remnant of
the Farallon plate (the Juan de Fuca plate), the North American
(NOAM) plate, and the Pacific plate (Figure la). The triple
junction has migrated northward relative to North America
during the last ~20 Myr and subduction of the Juan de Fuca
(JdF) plate was replaced by a right-lateral strike-slip (or
transform) plate boundary (Figures 1 and 2). Upon cessation of
subduction the weight of the already subducted plate contin-
ued to pull the slab downward, opening a gap into which sub-
lithospheric material (asthenosphere) upwelled [Dickinson,
1997; Dickinson and Snyder, 1979a]. It is easy to visualize
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Plate 2. P wave velocity variations in a layer 34-36 km deep from travel time tomographic inversion of lo-
cal earthquakes (H. Benz, written communication, 1998). Dashed line shows the location of the Great Valley.
Contours of depth to Moho, based on the synthesis of seismic refraction profiles collected during the 1980s .
and 1990s between the Sierra Nevada and offshore California [Brocher et al., 1999], show that west of the
Great Valley this layer lies below the Moho. Note the lack of a regional low-velocity anomaly under the Coast
Ranges, which would correspond to asthenospheric upwelling. Two local low-velocity anomalies were identi-
fied from this and other depth slices through the model, one anomaly (A) is between 22 and 30 km (therefore

no anomaly is seen at the depth of this slice) and the other anomaly (B) is between 28 and 36 km. For details
of the technique see the work of Benz et al. [1996]. Small circles show the epicentral locations. Triangles

show the recording station locations.
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Figure 1. (a) Simplified plate motion prior to and after the collision of the Pacific-Farallon ridge with North
America (NOAM). JdF, Juan de Fuca; MTJ, Mendocino triple junction. (b) Motion of Juan de Fuca and North
American plates relative to a fixed Pacific plate near the Mendocino triple junction [after Lachenbruch and
Sass, 1980]. A gap develops in the mantle lithosphere beneath NOAM as it slides off the JAF plate. SAF, San
Andreas fault; M. trans - Mendocino fracture zone. (c) Side view of the slab gap assuming a vertical Pacific
plate boundary along the San Andreas fault [after Liu and Furlong, 1992].

1087



1088 TEN BRINK ET AL.: SLAB STRETCH MODEL UNDER CALIFORNIA

A\ LASSEN PEAK

Study
Area

} CLEAR LAKE (2.1 to 0.01 Ma)

“ } SONOMA - TOLAY (13 to 2.7 Ma)

A\

San Francisco@@

?7} BERKELEY HILLS (11.5 to 7.5 Ma)

8 Ma—p>

%

~5cm/yr @ QUIEN SABE (14.5to 7 Ma)
MIGEI"I"ION
rate  —— 10 Ma ; ,‘ - PARTIALLY SUBDUCTED
CHANGE ‘ MONTEREY MICROPLATE ?
~2cm/yr ’ \ Lock FAULT
@)
AN EMIGDIO oY
15 Ma 7 (21 Ma)
NEENACH (24 to 22 Ma)
0 100
[ I | ‘ CONEJO
KILOMETERS 20 Ma ) (16 to 13 Ma)
SANTA CRUZ *_GLENDORA
-® Y a V - -
re < = “>EL MODENO

-SAN JOAQUIN

Y /\6%&

INNER CALIFORNIA™ "o

-~ & [d N
BORDERLAND B=\u \
\\ . a % RS
POINT OF FIRST COLLISION OF -

SAN CLEMENTE®*

34 M

EAST PACIFIC RISE WITH
NOAM CONTINENTAL MARGIN

) T
~28 Ma ..o‘
Figure 2. Generalized geologic map of coastal California showing the locations and ages of Neogene vol-
canic centers (solid regions [after Johnson and O'Neil, 1984] and the position of the Mendocino triple junc-
tion (MTJ) at various times throughout the Neogene [Atwater and Stock, 1998]. The rate of this migration
makes it possible to equate the distance from the present location of the MTJ at Cape Mendocino to any point
farther south in California with the time since the MTJ swept through this point. Also shown are mid-Miocene
volcanic outcrops in southern California [Vedder, 1987], which are related to the extension of the California
Borderland, not to MTJ migration. Heavy dashed lines show the location of seismic velocity models in Plate
1. Heavy lines show the faults. Faults in northern California are after Kelsey and Carver [1988]. Open circle

shows the location of the two strongest aftershocks of the 1992 Cape Mendocino earthquake [Oppenheimer et
al., 1993].

the formation of the slab gap in a fixed Pacific plate reference
frame, as a sideways (southward) slide of NOAM plate along
the San Andreas fault (SAF) from an area underlain by sub-
ducted Farallon plate to an area where such a plate no longer
existed (Figure 1b;)[Lachenbruch and Sass, 1980]. Various
predictions have been made based on the slab gap hypothesis.

The slab gap was envisioned to be the locus of decompression
melting in the asthenosphere resulting in the accretion of a
several kilometers thick layer of mafic material to the base of
the California crust [Liu and Furlong, 1992]. Estimates of hy-
drocarbon maturation were made based on the thermal regime
of a slab gap with asthenoshperic upwelling [Heasler and
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Surdam, 1985]. The Pacific-NOAM plate boundary was envi-
sioned to be subhorizontal at depth (e.g., under the San Fran-
cisco Bay Area) and to migrate inland over time as the slab gap
annealed [Furlong et al., 1989; Zandt and Furlong, 1982].

3. Testing The Slab Gap Model

Several recent publications have questioned some aspects
of the slab gap model [e.g., Hole et al., 1998]. The geometry
and timing of faults in the San Francisco Bay Area were shown
not to fit the slab gap prediction of a subhorizontal plate
boundary. Using rheological considerations, Bohannon and
Parsons [1995] argued that a tear in the downgoing slab
should occur at depths of ~ 100 km, which would place it con-
siderably eastward of coastal California. Noting a continuous
high basal velocity layer under the continental margin of cen-
tral California, Page and Brocher [1993] suggested that Pa-
cific plate lithosphere underlies the North American plate
margin because a change in plate motions 3.5 Myr ago caused
transpression between the two plates. Henstock et al. [1997]
interpreted a continuous high-velocity basal layer that dipped
eastward from the former trench out to 200 km farther east in
northern California as a possible underplated JdF plate crust.

The size of the assumed gap may also be smaller than was
previously assumed. Offshore magnetic anomalies and seismic
evidence suggest that the central California margin and Coast
Ranges may be underlain by the partially subducted Monterey
microplate [Miller et al., 1992, Howie et al., 1993], which has
been fully coupled to the Pacific plate since 18 Myr ago
[Nicholson et al., 1994](Figure 2). Therefore, only a ~430 km
long section of the California Coast Ranges should be consid-
ered a candidate for a slab gap [d¢water and Stock, 1998]. This
section, which extends from the MTJ to Monterey Bay, was
swept by the migrating MTJ during the last 9 Myr.

The plate kinematic configuration itself may be more com-
plicated than previously assumed. The slab-gap model is
based on the configuration of three independently-moving
rigid and competent plates, Pacific,c, NOAM, and JdF plates,
but, in fact, the Pacific plate is the only rigid and competent
plate. Nonrigid deformation of the JdF plate, known as the
Gorda Deformation Zone, is manifested by curved magnetic
anomalies and pervasive faulting [Wilson, 1986]. Deformation
is pervasive despite the fact that the Gorda Deformation Zone
is an oceanic plate whose top surface is at 0°C and has not yet
even subducted under NOAM.

Neither does the NOAM plate in California behave as a
single rigid plate. Several authors [e.g., Walcort, 1993;
Atwater and Stock, 1998] have suggested that the Sierra Ne-
vada/Great Valley block has been moving together with the
Klamath Mountains (Figure 3). This block moved ~200 km
northwestward relative to stable North America since 16 Ma
and 130 km since 8 Ma, which represents ~30% of the total
Pacific-NOAM motion during these time intervals [dtwater
and Stock, 1998]. In a fixed Pacific plate reference frame the
Klamath Mountains have then been moving southward faster
than the California Coast Ranges have. The thickened NOAM
crust in the Coast Ranges landward of the MTJ and south of
the Klamath Mountains [Beaudoin et al., 1998] may be the re-
sult of this relative motion. At any rate, NOAM is not a single
block in the vicinity of the MTJ. It consists of two blocks, the
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Sierra Nevada - Great Valley - Klamath Mountains block and
the Coast Ranges. The latter is essentially a deformation zone
between two more competent blocks, the Pacific plate and the
sierra Nevada - Great Valley block [Walcott, 1993] as geo-
detic measurements suggest [Prescott and Yu, 1986].

The slab gap model also assumes that the three plates are
moving independently. This has not been the case for the JdF
plate after the fragmentation of the Farallon plate. Starting 18
Myr ago, the JdF plate started rotating clockwise and seafloor
spreading slowed [Atwater, 1989]. The clockwise rotation
and the slowing of spreading aligned the JdF plate motion
with respect to the Pacific closer to that of NOAM. This phe-
nomenon has been most pronounced at the southern end of the
plate, the Gorda Deformation Zone (Figure 3). The 1992 thrust
earthquake beneath Cape Mendocino was followed by two M
6.6 aftershock within the JAF plate (see Figure 2 for location).
The mechanism of these aftershocks indicates right-lateral,
strike-slip motion on planes striking NW-SE at epicentral
depths, which are within the JdF plate [Oppenheimer et al.,
1993]. Onshore, dextral strike-slip faults extend to the NNE
across the MTJ, suggesting that some dextral motion of NOAM
affects the area north of the MTJ [Kelsey and Carver,
1988](Figure 2).

4. Slab-Stretch Model

We propose an alternative model based on kinematics of
non rigid plate boundaries with a lithospheric thermal his-
tory, which explains the geochemical and geophysical obser-
vations. In this model, continuous deformation, rotation, and
stretching of the JdF plate fill the geometrical gap without
large-scale holes and tears (Figures 3 and 4).

The large and rigid Pacific plate is moving northwestward
in a hot spot frame of reference [Atwater and Stock,
1998](Figure 3) pushing at the Juan de Fuca plate across the
Mendocino Fracture Zone and causing it to move northward.
Although the fracture zone may be weak in shear, north-south
oriented normal compressive stresses can be transmitted to the
southern part of the plate [Wang et al., 1997]. Landward of the
MTJ, however, the subducting Juan de Fuca plate is not
pushed by the Pacific plate and, in fact, is not confined. This
allows the plate to spread into the unconfined region. The
spreading may be analogous to the "westward spreading" of
western North America, i.e., the extensional and rotational
deformation, attributed by some to the northwestward retreat
of the Pacific plate away from North America [Walcott, 1993;
Atwater and Stock, 1998].

A more quantitative analysis for the forces acting on the
Juan de Fuca plate [Wang et al., 1997] further illuminates how
the slab stretch may occur. . The main forces acting on the Juan
de Fuca plate are the northward transform push across the
Mendocino Fracture Zone and the strike-parallel subduction
resistance force which balances it [Wang et al., 1997](Figure
5a). Subduction resistance is the viscous drag on both the up-
per surface and the lower surface of the slab. The absolute mo-
tion of the Juan de Fuca plate and its motion relative to North
America are roughly parallel to each other (northeastward) and
can thus be treated as the combined resistance. The subduction
resistance force can be separated into directions orthogonal
and parallel to the subduction zone. The orthogonal compo-
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Figure 3. Simplified map of the Mendocino triple junction area and the extent of the subducted Juan de Fuca
(JdF) plate. Dotted area is the estimated subducted JdF area during the last 3.2 Myr, determined by the southern
edge of the subducted plate (dash-dotted line with numbers corresponding to age in megayears)[Wilson, 1986]
and the trajectory of the northern edge of the Gorda Deformation Zone (GDZ) parallel to the Blanco Fracture
Zone (heavy dashed line). This trajectory extends to the northern edge of the Great Valley and is also the
northern limit of strike-slip faults in northern California (Figure 2). Shaded area is the cstlmated slab gap area
under the Coast Ranges assuming a constant North American plate relative motion of 5 cm yr° ! during the past
3.2 Myr. However, the actual gap area to be filled by the stretching of the JAF slab is only approximately one-
half of the shaded area, because North America motion tapers off from the Great Valley toward the San Andreas
fault [Prescott and Yu, 1986]. Another estimate for the gap area during the last 4 Myr is given by the area
bounded by the southern edge of the Gorda Deformation Zone at 4 Ma [from Atwater and Stock, 1998] and the
estimated present southern edge of the JdF plate (dashed-dotted line)[ Wilson, 1986). Heavy arrows represent
rotation and stretching of the subducted JJF slab to fill the geometrical gap. Small arrows represent plate mo-
tion in a fixed Pacific reference. Open arrows represent Pacific, North American, and JdF plate motion in an
"absolute” (hot spot) frame of reference [Wang et al., 1997].

nent (east-west in the southern JdF plate) balances the slab
pull force, which is orthogonal to and directly downdip of the
subduction zone [Wang et al., 1997]. The parallel component
is oriented south and balances the transform push force sea-
ward of the MTJ. However, there is no force to balance the
strike-parallel force landward of the MTJ; hence rotation and
stretching can occur in this area as shown by the finite element
model of Wang et al. [1997](Figure 5b).

We propose that the geometrical gap predicted by a rigid
plate model is filled by continuous deformation without large

holes and tears due to rotation and stretching of the JdF plate
(Figures 3 and 4). The size of the gap can be estimated from the
length of the area predicted by rigid plate kinematics to have
opened during the last 3.2 Myr (shaded area in Figure 3), cal-
culated assuming an average migration rate of S cmy"'. How-
ever, NOAM motion relative to the Pacific plate decreases from
the Great Valley to zero offshore [Prescott and Yu, 1986], im-
plying that the Coast Ranges are increasingly dragged by the
Pacific plate. For simplicity, therefore, we consider that only
one-half of the shaded area (Figure 3) constitutes the gap. One-
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Figure 4. Alternative cartoon to Figure 1b showing continuous plate deformation filling the geometrical
slab gap (slab stretch model), the forces acting on the southern end of the Juan de Fuca plate, and the transient

" thickening of the overlying North American plate due to faster motion of the Klamath Mountains -Sierra Ne-
vada block relative to the Coast Ranges. See text for details.

half of the shaded area is only 37% of the JdF plate area sub-
ducted during this time [Wilson, 1986](Figure 3). If the JdF
slab stretches to fill this gap, it will have to thin by a factor of
only 1.37. An alternative estimate of the predicted gap from
rigid plate kinematics is the difference between the placements
of the southern edge of the JAF plate 4 Myr ago and at present
[Atwater and Stock, 1998](Figure 3). The triangular area be-
tween these two placements is only 27% of the JdF plate area
subducted during the past 4 Myr [Wilson, 1986](Figure 3).
The age of the subducted plate is 6-10 Ma [Wilson, 1986];
hence the thickness of the thermal lithosphere (to a tempera-
ture of 1300°C) is 25-30 km. Thinning by a factor of 1.37 re-
duces the slab's thermal thickness to 18.1-21.7 km, which is
equivalent to the thickness of a 4 Ma slab. (Thinning of the

Transform
push

A

subducted slab by a factor of 1.27 reduces the thermal thick-
ness of the lithosphere to 19.7-23.6 km, which is equivalent to
the thickness of a 4-5 Ma slab.) Thinning of the mantle at these
shallow depths (40-50 km) and by this factor is expected to
generate only negligible decompression melting of the upper
mantle [McKenzie and Bickle, 1988]. Strain may not be uni-
form, so larger amounts of thinning may take place locally as
the tomographic images, discussed in section 6, may suggest.
The depth and expected temperature range (Figure 6) for the
JdF plate underlying the Coast Ranges indicate that its rheol-
ogy under tension at the strain rates corresponding to the
above factors of stretching (2-3 x 107" s') may be in the brit-
tle-ductile transition regime [Brace and Kohlstedt, 1980]. It is
possible, especially under the thinner western part of the

L
"' "4 'Zn"
[ ‘:
T
iy
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Strike-normal & ’r* f
strike-parallel }

subduction
resistance

Figure 5. (a) Forces acting on the southern part of the Juan de Fuca (JAF) plate [from Wang et al., 1997]. (b)
Stress field in the southern JdF plate calculated by a plane stress finite element method for an elastic litho-
spheric plate (modified from Model V2 of Wang et al.)[1997]. This model includes a 50 km wide zone of the
subducted slab landward of the trench (dashed line). Thin bars show the compressive stresses. Thick bars show
the tensile stresses. Note the rotation and stretching landward of the Mendocino triple junction, because trans-

form push is absent there.
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Figure 6. (a-d) Calculated geothermal gradients as a function of time after cessation of subduction (time 0)
for subducted slabs with a thermal age of 4 and 10 Ma overlain by 20 and 30 km thick North American plate.
(e) Simplified geothermal gradients as a function of time for a partial slab gap (no mantle lithosphere), shown
for comparison with Figures 6a - 6d. In the initial geothermal gradient, which is equivalent to a 0.6 Myr old
subducted slab, a temperature of 1300°C is placed at the base of the subducted slab 7 km beneath a 20 km thick
North American plate. Also shown are solidi for amphibolite (solid line in Figures 6a - 6e) [Wyllie and Wolf,
1993] and for red clay, dry basalt, and peridotite solidi (solid lines in Figure 6e; [Nichols et al., 1996; Pea-
cock, 1996]. Partial melt of the oceanic crust is expected only at depths where temperatures are higher than the
amphibolite solidus (dotted regions), but more voluminous melting at the base of the former forearc, the sub-
ducted oceanic crust, and the subducted mantle lithosphere is expected in a slab gap model (Figure 6¢). Some
melting may occur even before cessation of subduction (cross-hatched regions). Boxes show the ther-
mobarometric estimate based on spinel lherzolites in xenoliths of Pliocene (2.5-3.6 Ma) basalt along the Ca-
laveras fault north of Quien Sabe [Jove and Coleman, 1998]. Calculated geothermal gradients for a 4 Ma slab
(Figure 6a) 5-10 Myr after cessation of subduction and stretching fall within this temperature-depth estimate,
but those for a slab gap (Figure 6e) predict much higher temperatures at this depth range.
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Coast Ranges, that temperatures in the underplated JdF oce-
anic crust are low enough to allow brittle deformation. The
vertical offsets in the subducted slab of northern California
[Henstock et al., 1997; Plate 1a) may be manifestations of this
brittle regime. Under the eastern part of the Coast Ranges and
at a deeper level of the JdF lithosphere, ductile deformation
probably takes place [Molnar, 1992]. Strain rate is governed
by temperature; hence the lower part of the slab is expected to
thin faster than the upper part of the slab. On the other hand,
the oceanic crust is more felsic than the mantle lithosphere and
therefore it may deform faster [Brace and Kohistedt, 1980].
Uncertainties in the activation energy for olivine and diabase
yield an uncertainty in creep strength of at least a factor 10 at
the temperature range of the subducted oceanic crust (Figure
6), making more accurate analysis futile [Molnar, 1992].

5. Thermal and Magmatic Consequences of
the Slab Stretch Model

With the slab stretch model in mind, we envision the ther-
mal evolution of the lithosphere to be the result of thermal re-
equilibration following cessation of subduction and some
stretching of the slab. The overlying plate is the forearc region
of the subduction zone. This region cools during subduction
[e.g., van der Beukel and Wortel, 1988], because the cold sur-
face of the subducting plate is underthrusted beneath the
forearc. This cooling effect is generally manifested by the low
surface heat flow in forearc regions (<45 mW m?). The geo-
thermal gradient in the forearc depends on the rate of subduc-
tion and the age of the subducting plate [Dumitru, 1991].
When subduction and stretching stop, thermal reequilibration
begins, and the temperature at the base of the forearc rises.

We approximate this process by calculating the geothermal
gradients as a function of time after cessation of subduction
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(time 0) for subducted slabs with a thermal age of 10 and 4 Ma
overlain by 20 and 30 km thick forearc. Initial temperature
gradients in our calculations are Dumitru’s [1991] thermal
gradients for 10 and 4 Ma subducted lithosphere and overly-
ing North American plate thicknesses of 20 and 30 km. His
calculations use a two-dimensional finite difference grid as-
suming steady state (~50 Myr) subduction, a subduction rate
of ~40 km my", a subducting slab < 10 Ma, and a subduction
angle of ~15° [Dumitru, 1991, and references therein). Our fi-
nite-difference numerical calculations used a vertical grid of 1
kmto a depth of 125 km, time step of 8000 years, bottom and
surface temperatures of 1300°C and 0°C, respectively, specific
heat of 1 J kg™! °C’!, forearc and slab thermal conductivities of
2.5 and 3.3 W m'® C', and an exponential radiogenic heat
production within the overlying forearc with a “skin depth”
of 10 km and a surface production rate of 1.2 uW m>. Horizon-
tal conduction across the former forearc was neglected follow-
ing James et al. [1989]. Lateral conduction due to localized
areas of high strain was ignored for the sake of simplicity and
clarity. Initial heat flow is higher than that calculated (Figure
7), because the forearc region was cooler at the end of subduc-
tion than that determined from the steady-state calculations
(i.e., assuming a constant age of subducting plate)[Dumitru,
1991]. Much older slab entered the trench during much of the
time prior to cessation and stretching. However, the amount of
later transient heating during initial reequilibration is also
larger, and the overall effect on the results is small.

There are two important consequences of thermal reequili-
bration: (1) melting of the subducted crust and (2) elevated
heat flow in the overlying plate. Minor volcanic activity oc-
curred in the wake of the northward passage of the MTJ, re-
flected in the northward younging of volcanic outcrops (Fig-
ure 2)[Dickinson, 1997; Dickinson and Snyder, 1979a]. Pre-
sent-day activity (< 2 Ma) is located at Clear Lake. It has been
suggested that the volcanism resulted fiom a slab gap under
the forearc [Dickinson and Snyder, 1979b; Johnson and
O'Neil, 1984]. Quantitative estimates of asthenospheric up-
welling into the gap, however, predict voluminous magmatic
production [Liu and Furlong, 1992], far more voluminous
than the geologic data suggest. In the slab stretch model we
explain the volcanism as mainly arising from crustal anatexis.
Figure 6 illustrates the magnitude of temperature rise at the
subducted oceanic crust and base of the overlying forearc as a
function of thermal age of the subducted slab and of forearc
thickness. Pressure-temperature conditions of the amphibolite
solidus (temperatures > 630°C at depths > 25 km)[Wyllie and
Wolf, 1993] can be attained during the first 5 Myr after the
cessation of subduction of a young (~4 Ma) oceanic crust
overlain by 20-30 km thick crust (dotted region in Figure 6).
In fact, subduction of very young oceanic slab can lead to slab
melting even before subduction ceases (cross-hatched regions
in Figures 6b and e)[Defant and Drummond, 1990; Peacock,
1996]. For older subducted oceanic crust (e.g., 10 Ma, Figures
6¢c and 6d) or thinner overlying forearc, these conditions are
either not met or are met more than 5 Myr after subduction has
ceased (Figure 6d). Dehydration melting of amphibolite would
cease immediately after small volumes of melt are produced, be-
cause water released by dehydration is immediately dissolved
into melt, thereby “drying-up” the system; in other words, the
vapor present solidus (Figure 6) no longer applies. Magma-
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Figure 7. Surface heat flow in western California as a function of distance from the Mendocino triple junc-
tion (MTJ) and time since the MTJ passed through the measurement location [Lachenbruch and Sass, 1980;
Sass et al., 1997]. Heat flow was averaged over 50 km bins with error bars showing one standard deviation.
Also marked for comparison is the mean heat flow for the California Inner Continental Borderland [Lee and
Henyey, 1975] with a range showing one standard deviation (dashed line). It is plotted at an age range of 14-
20 Myr, the age range for extension and volcanism in the Inner California Borderland. Curves represent calcu-
lated heat flow values from geothermal gradients in Figure 6 for a forearc thickness of 20 km and thermal age
of subducted slab of 4 and 2 Ma. The data are best fit by a curve representing a setting with an overlying forearc
thickness of 20 km and a subducting slab thermal age of 4 Ma or slightly younger without a slab gap. Heat
flow beyond 430 km from the MTJ (vertical gray dashed line) may simply be due to reequilibration of the geo-
thermal gradient after the young Monterey microplate stalled under central California 18 Myr ago [Nicholson
et al., 1994; Atwater and Stock, 1998]. Horizontal lines represent the calculated heat flow 18 Myr after cessa-
tion of 2 and 4 Myr old subducted lithosphere. Lines are horizontal because simultaneous cessation of subduc-
tion is assumed along the microplate's boundary with North America. Note that neither a slab gap nor shear
heating of the upper mantle is needed to explain the heat flow in central California.

tism in California is typically short lived and produces small
volumes of magma. It occurs mainly in the eastern part of the
Coast Ranges [Johnson and O'Neil, 1984] where the overly-
ing crustal thickness reaches 20-25 km [Henstock et al.,
1997]. A seismic profile across northern California where the
MTJ was located < 2 Myr ago shows "bright spots" which
cluster throughout the fossil oceanic crust (Plate 1a). These

have been interpreted to represent melt lenses [Levander et al.,
1998]. These observations are consistent with the suggestion
that the mid-Cenozoic and younger volcanism that occurs in
the wake of the northward migration of the MTJ results domi-
nantly from anatexis of oceanic crust and not from decompres-
sion melting of the asthenosphere.

The composition of volcanic rocks along the California
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Coast Ranges also supports our model. The volcanic rocks are
dominantly intermediate to silicic, have relatively high
¥7Sr/*Sr ratios (0.704-0.706; few samples with ratios of
0.7025-0.704 have Th-Ta-Hf ratios similar to the other rocks),
relatively high 8'80 values (7.5-11.5), and relatively high Th
contents, suggesting that crustal anatexis played a dominant
role in their generation. It was proposed that slab gap induced
asthenospheric upwelling triggered melting of the overlying
forearc [Johnson and O'Neil, 1984], but it does not explain
why only small volumes of short-lived volcanism are pro-
duced and why asthenospheric-derived melts are rare. Trace
element abundance of the Clear Lake Volcanics [Hearn et al.,
1981], the youngest surface manifestation of the process, are
characterized by strong light rare earth element (REE) enrich-
ment and are consistent with crustal anatexis origin. In con-
trast, asthenospheric-derived melts (e.g., mid-ocean ridge ba-
salts) are predominantly light REE depleted [Hofmann,
1988].

Surface heat flow in western California increases rapidly
immediately south of the MTJ, reaching maximum several hun-
dreds of kilometers to the south and then decreasing slightly.
Our calculations best fit the data with an overlying crustal
thickness of 20 km and an underlying stretched oceanic slab
with an equivalent thermal age of 4-2 Ma (Figure 7). The pat-
tern of increasing heat flow south of the MTJ was previously
cited as evidence for a slab gap [Lachenbruch and Sass,
1980]. Interestingly, however, these authors pointed out that
the heat flow variations are best fit with cooler than astheono-
spheric temperatures (1000°C) emplaced instantaneously at
the base of a 20-km-thick crust.

Heat flow beyond a distance of 430 km from the MTJ is nei-
ther due to a slab gap nor due to a slab stretch (Figure 7). It
may simply be the result of reequilibration of the forearc tem-
peratures following the cessation of subduction when the
Monterey microplate stalled and was captured by the Pacific
plate (Figure 2) ~18 Myr ago [Nicholson et al., 1994; Atwater
and Stock, 1998]. This point is further elaborated on in sec-
tion 8.

Our proposed geothermal gradient (Figure 6a) also matches
thermobarometric estimates from spinel lhezorlites [Jove and
Coleman, 1998] from Coyote Reservoir (east of the San Fran-
cisco Bay area and 30 km north of Quien Sabe, Figure 2). These
upper mantle xenoliths erupted with small quantities of alkali-
olivine basalt along the Calaveras fault during the Pliocene
(2.5-3.6 Ma), possibly due to fault-stepping interaction [Jove
and Coleman, 1998)]. The overlying forearc thickness in this
region is 20 km [Brocher et al., 1999]. The MTJ passed by this
latitude 8 Myr ago, although Coyote Reservoir itself may have
been originally farther south and migrated later by strike-slip
deformation [e.g., Johnson and O'Neil, 1984]. We therefore es-
timate that these xenoliths erupted 5-10 Myr after the MTJ
passed by this outcrop. Our proposed geothermal gradients 5
and 10 Myr after the cessation of subduction and stretching
are centered on the estimated range of temperatures and depths
from these samples (box in Figure 6a). The fit is less satisfac-
tory for a 20 km thick forearc and a 10 Ma thermal age or for a
30 km thick forearc and a 4 Ma thermal age. The fit to the esti-
mated temperatures and depths is poor for calculated geother-
mal gradients 5 and 10 Myr after the introduction of astheno-
spheric temperatures in a slab gap model (Figure 6¢).
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6. Other Observations

In this section we review different geophysical and geo-
logical observations which we believe are consistent with a
slab stretch model and the thermal structure that it predicts.
Seismic refraction data [Brocher et al., 1999, and references
therein) beneath the Coast Ranges show a high-velocity basal
layer which is compatible with a fossil subducted oceanic
crust. Particularly noteworthy is the existence of a continuous
high-velocity basal layer (yellow colors in Plate 1a) that dips
eastward from the trench out to 200 km farther east in an area
where the MTJ passed only <2 Myr ago (Plate 1a). This ob-
servation directly contradicts the slab gap hypothesis, al-
though a suggestion was made that decompression melting of
asthenospheric mantle within the gap was followed by under-
plating of a 4-5 km thick layer of basalt to the base of the crust
[Liu and Furlong, 1992]. The P wave velocity directly below
the Moho in northern California, however, is = 8 km 5! [Hen-
stock et al., 1997], a value too high for a partially molten up-
per mantle. Additionally, the surface heat flow resulting from
underplating a 4-5 km thick layer of basalt is expected to be
much higher than that observed unless the top of the layer re-
sides deeper than 30 km depth [Liu and Furlong, 1992]. Seis-
mic refraction data in northern California, however, indicate
that the layer is substantially shallower than 30 km through-
out the Coast Ranges [Beaudoin et al., 1996; Brocher et al.,
1999; ‘Godfrey et al., 1997; Henstock et al., 1997}(Plate 1).

A regional low-velocity zone in tomographic images of the
upper mantle beneath northern California was previously cited
in support of the existence of asthenospheric upwelling on a
regional scale [Benz et al., 1992; Zandt and Furlong, 1982].
The tomographic studies on which the images were based ig-
nored crustal velocity and crustal thickness variations which
contribute to the travel time delay (H. Benz, personal commu-
nication, 1998). Recent tomographic images of the crust and
shallow mantle beneath northern California using local earth-
quake sources and the permanent northern California seismic
stations (H. Benz, written communication, 1998) show no
evidence for a regional low-velocity zone within the shallow
upper mantle (e.g., Plate 2). Only two local (50x50 km) pock-
ets of low-velocity material in the upper mantle are observed
in the tomographic images (anomalies marked A and B in Plate
2) which may indicate localized zones of higher strain.

7. Continental Borderland - A Slab Gap in
Coastal California?

The purpose of this section is to illustrate the expected
thermal and magmatic consequences from a slab gap under a
forearc region of the former subduction zone. We discuss ob-
servations from the Inner Continental borderland (ICB) off-
shore southern California where a local slab gap may have
formed [ten Brink et al., 1999]. We compare these observations
with similar ones in northern California, where the slab gap
model was promoted. The probable slab gap in the ICB was
formed by extension, uplift, and translation of the margin 20-
18 Ma [Nicholson et al., 1994](Figure 8).

The volume and composition of volcanic rocks in southern
California differ from those in central and northern California
(Figure 2). There are thick sections (>500 m) of 18-14 Myr old
volcanic rocks [Crouch and Suppe, 1993; Cole and Basu,
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Figure 8. Model for the development of the Inner Continental Borderland (ICB) 20-18 Myr ago in the wake
of the rotation and translation of the Western Transverse Ranges (WTR) (after Nicholson et al., 1994). The ro-
tation and translation of the WTR followed the capture of the subducted Monterey microplate (MP) by the Pa-
cific plate and resulted in a high extension rate and a gap in the fossil subducted Farallon plate. OCB, Outer
Continental Borderland; FFZ, Farallon Fracture Zone; MFZ, Morro Fracture Zone; RTJ, Rivera Triple Junction;

AP, Arguello Microplate.

1995; Dickinson, 1997], often with mafic to intermediate com-
position. Petrogenesis of these volcanic rocks and trace ele-
ment composition indicate that they were derived by an inter-
action of a very young, depleted oceanic lithosphere with the
continental margin [Cole and Basu, 1995]. The rocks have
879r/18%6Sr ratios (0.7025-0.7038) and 8'°0 values (5-7.5)
close to mid-ocean ridge basalt (MORB) ratios, suggesting
that they were derived mainly from a mantle source [Johnson
and O’Neil, 1984]. With asthenospheric temperatures at the
base of the fossil subducted oceanic crust, melting of amphibo-
lite is expected during and for the first few million years fol-
lowing extension, when basal crustal temperatures at the base
of the crust are above 920°C (Figure 6€). Some melting of the
base of the overlying crust is also expected, and temperatures
in much of the middle and lower crust allow for ductile flow.
Finally, adiabatically rising asthenospheric mantle with a
normal potential temperature will undergo decompression
melting when it ascends to depths less than 60 km [McKenzie
and Bickle, 1988].

Heat flow in southern California is unusually high, particu-
larly in the ICB where values reach between 83+18 mW m?
(Figure 7)[Lee and Henyey, 1975]. These values are generally
higher than would be expected from cooling and reequilibra-
tion of a 4 Ma slab which stopped subducting 20-28 Myr ago
(Figure 7). However, if we assume that extension brought as-
thenospheric temperatures to 27 km depth some 18-20 Myr

ago (Figure 6¢), then the calculated present heat flow (83-86
mW m?) falls within the observed range [ten Brink et al,
1999]. The Pacific-NOAM plate boundary was centered on the
ICB until 12 Ma, and some tectonic activity probably contin-
ued in the ICB until 5 Ma [Nicholson et al., 1994]. Even with
a possible contribution to the increased heat flow from this
later activity, the ICB heat flow is still higher than the heat
flow from most of the Coast Ranges. Although the crust of the
ICB was replaced by Catalina Schist 20-18 Myr ago with ad-
ditional magmatic input lasting until 14 Myr ago [ten Brink et
al., 1999], the advective heat from these processes has long
dissipated. Advective heat was ignored in the calculations of
Figure 6e.

Unlike northern California (Plate 1la), seismic P wave ve-
locity models of the ICB do not show high basal velocities as-
sociated with a fossil subducted oceanic crust (Plate 1b). The
velocity models show relatively low velocities to the Moho,
interpreted as Catalina Schist [ten Brink et al., 1999]. The
seismic refraction data consist only of upper crustal refractions
(Pg) and Moho wide-angle reflections (PmP). Upper mantle
refractions (Pn) with an apparent velocity of 7.7-7.9 km s
were observed only on a single unreversed seismic record [ten
Brink et al., 1999].

In summary, high heat flow, voluminous volcanism, a rather
primitive isotopic composition of the magmas, and the absence
of a high P wave velocity basal layer are observed in the Inner
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Continental Borderland (ICB) offshore southern California.
We would expect similar observations in northern California,
if a regional slab gap existed there.

8. Discussion: Is There a Stress-Heat Flow
Paradox in California?

Although the difference between the slab stretch and slab
gap models can be perceived as simply a difference in the de-
gree of reheating the North American plate, we believe that the
implications to the understanding of upper mantle deformation
are significant. We have already discussed the fact that a slab
stretch model implies spreading of the mantle lithosphere to
fill gaps. Here we discuss another implication of our model:
the so-called "stress-heat flow paradox" [e.g., Molnar, 1992].
There is no measurable increase of heat flow near the San An-
dreas fault in central California, but there is a broad zone of
high heat flow across the entire Coast Ranges averaging 30
mW m? higher than that typical for continental regions. We
focus our discussion on the regional heat flow. The regional
high heat flow was explained as a result of shear heating on
horizontal planes due to viscous drag of the upper part of the
lithosphere over its substratum [Lachenbruch and Sass,
1973], shear heating on vertical planes in the lithospheric up-
per mantle along the Pacific-North American diffuse plate
boundary [Molnar, 1992], and the effect of the slab gap
[Lachenbruch and Sass, 1980]. The shear heating argument
was used to estimate the magnitude of shear stresses in the
mantle lithosphere and to argue about the necessary rheology
to support them [Molnar, 1992].

As was discussed in section 3, central California is proba-
bly underlain by the stalled Monterey microplate (Figure
2)[Nicholson et al., 1994], and therefore a slab gap never ex-
isted in central California [4twater and Stock, 1998]. We ar-
gue here that shear heating is also not required to explain the
elevated heat flow of the Coast Ranges there. The higher heat
flow is simply the consequence of reequilibration of the geo-
thermal gradient following the cessation of subduction of the
Monterey microplate. This microplate rotated clockwise, and
subduction rate slowed, similar to the more recent history of
the JdF plate. Subduction finally stopped at Chron SE (18 Ma)
as the northern end of the mid-oceanic ridge was subducted

'[Nicholson et al., 1994]. The stalled Monterey slab underly-
ing the Coast Ranges was probably less than 4 Myr old, as-
suming a convergence rate of 30-40 km Myr. We can use the
thermal model of Figures 6a and 7 to calculate the heat flow as
a function of time after the cessation of subduction. As dis-
cussed in section 5, the forearc region of the subduction zone
is relatively cold during subduction even when it is underlain
by a young oceanic litthosphere. However, when subduction
stops, thermal reequilibration between the forearc and the un-
delying hot slab begins and the temperature gradient of the
forearc rises. The predicted heat flows for a 2 and 4 Myr old
subducted slabs 18 Myr after subduction ceased are 75 and 81
mW m?, respectively. Mean heat flow of 39 measurements in
the central Coast Ranges is 8343 mW m? and the mean heat
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flow of 17 newer measurements in boreholes in the Parkfield-
Cholame area is 74+4 mW m™ [Sass et al., 1997]. We therefore
argue that the heat flow regime in central California cannot be
used to argue for or against viscous shear heating in the upper
mantle. It is simply the consequence of its geological history
as a subduction plate boundary.

9. Conclusions

We propose a “slab stretch model” to explain the interac-
tion of plates at depth near the triple junction. In this model
the geometrical gap formed owing to the northward migration
of the triple junction is filled by stretched and thinned sub-
ducted Juan de Fuca plate. The stretching is in response to
boundary forces acting on the plate, in particular, the north-
ward push across the Mendocino Fracture Zone, and the
southward (trench-parallel) component of subduction resis-
tance. The thinning, estimated from simple geometrical consid-
erations to be, on average, 27-37%, results in an elevated geo-
thermal gradient. Locally, however, the amount of thinning
may vary, resulting in higher or lower extension rates. The
elevated geothermal gradient is equivalent to a 4 Ma oceanic
lithosphere, still much cooler than that inferred by the slab
gap model. In this thermal regime the composition and small
volumes of Coast Ranges Neogene volcanic rocks are thought
to be mainly due to dehydration melting of the fossil sub-
ducted oceanic crust. This model is consistent with heat flow
measurements, thermobarometry, normal, shallow upper mantle
velocities from tomographic inversion of earthquake travel
times, and the existence of bright reflections in the high-
velocity layer at the base of the crust. To study the effect of as-
thenospheric upwelling to shallow levels beneath the crust,
we draw attention to the Inner Continental Borderland in
southern California, which underwent local extension, possi-
bly in a core complex mode, 18-20 Myr ago. The opening in
the former forearc of the subduction zone probably extended to
the fossil subducted plate, creating a slab gap. High heat flow,
voluminous volcanism, a rather primitive isotopic composi-
tion of the magmas, and the absence of a high P wave velocity
basal layer are observed in the Inner Continental Borderland
in contrast to northern California. We also argue that the
broad zone of high heat flow in central California, averaging
30 mW m? higher than that typical for continental regions, is
neither due to a slab gap nor due to viscous shear heating in
the upper mantle, as was previousl)\l suggested. It is simply the
consequence of cessation of subduction of the Monterey mi-
croplate and the thermal reequilibration of the stalled mi-
croplate with the overlying Coast Ranges.
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